About five years ago I formed an industrial consortium to sponsor a highly multidisciplinary research project aimed at creating an artificially intelligent environment for modeling and analysis. The project is couched in basic research, including the fundamental question of what a model is and how people use one. The milestones, however, include both software and reports as products delivered to the consortium members. These are distributed to them much sooner than they are published in the open literature, giving the consortium members a time advantage for the new technology. In addition to specific products, consortium members give advice and participate in setting priorities and deliverables. This gives the consortium members a form of leveraged research, responsive to their needs. I organize semi-annual roundtable discussions that enable all of us to exchange ideas and learn what others are doing, relevant to our primary goals. This gives consortium members a connection into a research community that keeps them at the forefront of modeling and analysis. M ore than 10 years ago I realized matical programming: we could solve far that we had a bottleneck in mathe-larger problems than we could understand
In 1977, while with the US Department of Energy, I set out to move some of the art of modeling and analysis to the realm of science. After some initial success with developing analysis aids and casting practical analysis problems in the realm of applied mathematics, I returned to academia with an agenda for research that was highly interdisciplinary. Because the elements of the research plan were multifaceted and because there was skepticism as to whether the goals were achievable, I encountered difficulty obtaining adequate federal funding. I therefore steered a course that has been successful beyond my original expectations: I began a consortium composed of companies with vested interests in the results.
We could solve far larger problems than we could understand.
Inspired by John Lucas (of Electronic Data Systems), I prepared a proposal for a research agenda. It described the shortterm and long-term goals of the project, and it defined tasks to be performed over the subsequent three years. These tasks included investigative research, such as comparative analysis of languages and systems, where the deliverable was a set of reports. The goal of investigative research is a short-term one: to understand the current state of the art and to assess the needs to achieve our main goal, which is the long-term development of an intelligent mathematical programming system. It also included basic MS/OR research, such as algorithmic enhancement to accommodate large models (for such functions as checking redundancy and consistency) and mathematical techniques (for such functions as deriving alternative representations). Some research tasks dealt with cognitive issues, like natural language and graphics. Other tasks dealt with development of software, such as ANALYZE. This required applied research into data structures, linguistic components, and algorithms (both numeric and symbolic).
My original motivation in forming the consortium was to obtain financial support. My preparations, however, revealed that much more can be gained by collaborating with companies, such as obtaining real problems of great diversity that are generally not publicly available. I eventually found enthusiastic practitioners willing to share their experiences and skills in a consortium environment, and this has proven invaluable to the project and to the individual sponsors. From informal discussions with the participants, I received important advice during 1984 (the year before my proposal was ready) as to what companies want to know about how sponsorship would benefit them. "What is my valueadded?" was the typical question (in various forms). Unlike the megadollar consortia we hear about in the popular press, mine was designed to yield both shortterm and long-term gains for everyone in return for modest inputs. I also heard about other small consortia that wanted industry's money but did not have a clear focus on what the deliverables would be.
I knew my goals and strategies for success, and that was reflected in my proposal, which was ready in 1985. I had completed many of the proposed first-year tasks beforehand, so I knew I could deliver more than what I proposed. I realized that getting the consortium started would be &f-ficult, as would keeping the companies involved. I therefore maintained a low profile, promising less and delivering more.
Unfortunately, my confidence and enthusiasm did not convince everyone I contacted that the project would contribute to their value-added. The road to success was frustrating and required a great deal of perseverance. The ice-breaker came with Amoco Oil Company, thanks to the vision and confidence of Milton M. Gutterman and Gerry D'Souza. Within a year, this led come an important part of the consortium's benefits.
The question about value-added recurs for present and potential members. I usually respond that there are three main kinds of benefits: (1) time advantage in receiving the products (reports and software); (2) influence in prioritizing the large 'menu of tasks within the overall goal; and (3) connection with a professional community, both academic and industrial. The products are not entirely limited to consortium members, and many of the reports are eventually published in journals or proceedings. Given the time it usually to recruiting General Research Corporatakes for refereeing, however, consortium tion, Shell Research Company, and Ketron members generally receive new results at Management Science, Inc. Later, US West and MathPro, Inc. joined the consortium.
I balanced short-term achievements, like the software system ANALYZE, with longterm visions, like returning to the basic meaning of a model. I made it clear that elements of artificial intelligence and related areas of cognitive science are central to our goal of producing concepts and methods for an intelligent mathematical programming system, but that I would not rely heavily on the current A1 technology for my strategy. At the same time, I made it clear that I regard part of my job to uncover all related research and development activities no matter in what field they lay. This has proven crucial to our success and has resulted in an extensive network of research activities directly connected to our own. The consortium's activities now include regular meetings of a research community that shares results openly and exchanges ideas. My semi-annual meetings, called "roundtable discussions," have be-INTERFACES 20:6 least a year before most colleagues and closer to two years before the general community sees them in print. Their influence in setting priorities is quite real, as there are many more things to do than one could do in a lifetime. For example, in extending our linear analysis to nonlinear models, we began with the pooling problem because it is of immediate interest to Their influence in setting priorities is quite real. Although I am sensitive to the sponsoring companies' interests, they do not direct our research. To the contrary, the consortium members have consistently looked to us for true research since they have their own staffs to do projects for immediate, specific applications. Our interactions with their staffs, largely at the semi-annual roundtable discussions, are of mutual benefit. They have gained a deeper understanding of the state of the art and interactions with people they could contact, and we have gained deeper insight into the real problems our project addresses.
The consortium members have consistently looked to us for true research.
As we carefully maintain our focus on basic research, driven by practical ends, we avoid competing with the private sector by developing new ideas and prototypical implementations. Some of our ideas do not pan out, which is testimony to our boldness. This boldness complements each company's internal efforts that sometimes inhibits risky explorations of ideas. Those responsible for results realize that basic research must have some dead ends if it is really trying to push the frontier. With the low cost of student assistants and faculty whose income is not directly affected by the outcome, we are in a better position to take research risks than their internal staffs.
In an atmosphere of mutual trust and a steady stream of delivered products, we are able to continue with an ambitious research agenda. The sponsors see this as leveraged research, and we all benefit from seeking better ways to build and manage models for decision support. Our efforts depend on the quality of our research team and on the participation of our sponsors.
In addition, we continue to benefit from associations with many colleagues in academia and in industry. Some of these colleagues have presented their works at our semi-annual roundtable discussions, which have become an important part of the consortium benefits by establishing links with other researchers in the US and abroad.
Phase 1 was completed in June 1989 with all the tasks proposed in 1985 completed. Thirty documents were distributed to consortium members during those years, many of which have been published or accepted for publication. In addition, we developed two major software systems, AN-ALYZE and MODLER, and distributed several versions to consortium members along with original programming tools that were developed to support the primary effort. We also collected a variety of problems to test ideas for analysis. What we learned from Phase 1 can be grouped into four areas: discourse, formulation, analysis, and integration.
Discourse is not only how a human being communicates with a computer, but also it must exploit model syntax and semantics in a variety of ways to provide effective communication. This includes associations among text, algebra, and graphics.
Because the form of discourse depends on gration. This includes integrating our own the constituent, the discourse component software modules, and it includes linkages must be capable of different inferences and with other systems in the marketplace or displays. The constituent may be a model in related research projects at other univerbuilder with great expertise in modeling sities. Moreover, it is the integration of disand analysis, or it may be someone in the course, formulation, and analysis that profield who is expert in the problem reprevides an intelligent aid for model managesented by the model, but not necessarily in ment. I mathematical programming. The software
In Phase 2 we continue to deepen and I design philosophy and a guiding principle broaden developments in analysis, manbehind our research drections are conagement, formulation, and discourse, and cerned with multiple constituents with to focus on their integration. Specific tasks varying skill levels in modeling and for Phase 2 are given in Goals and Strafegies for Phase 2 of the Development of an InFormulation draws upon what we have telligent Mathematical Programming System learned about the modeling process, merg- (June 13, 1989) . I describe our recent ading developments in data-base technology, vances and near-term tasks in A Progress especially relational. Limitations of current Report for the Development of an Intelligent systems, which place most of the burden Mathematical Programming System (Decemof correctness and all of the burden of ber 1989). quality on the human being, may be parIntrinsic to our strategy is our concerted tially overcome by using concepts derived effort to study what others are doing that from artificial intelligence in the design of relates to our goals. The real breaka model assistant. In addition to the logical throughs are coming from a multidisciplinand analogical foundations of AI, I have ary approach, drawing from a great many relied on more traditional OR approaches, different professions. In the IMPS project such as automatically linking the blocks we have involved people from mathematthat comprise a model's parts.
ics, computer and information sciences, the Analysis has been a central focus of our cognitive sciences, linguistics, economics, activities. My consortium has gone beyond and the natural sciences. The roundtable traditional sensitivity analysis in a variety discussions have brought so much attenof ways, such as path tracing and other tion to this project that we receive many new methods to diagnose infeasibility and papers and visits from others working toredundancy. In addition, we have incorpo-ward similar ends. This helps to keep our rated analysis into both the formulation research team at the forefront of such ac-1 phase, such as prototyping aids, and the tivities. r operation phase, such as using rulebases to Although the modeling discipline behind assist model users that need not be familiar our research thus far is mathematical prowith mathematical programming to the ex-gramming, I view the technology much tent of the model builder. more broadly. We have drawn from causal Most recently, we have focused on intesystems modeling, simulation, and other approaches that sometimes complement and sometimes compete with mathematical programming. The principles we have learned and reported apply equally to these other approaches. Only our empirical testing has thus far been limited to mathematical programming models. We are expanding our scope to some degree in Phase 2 and will expand it more in Phase 3. Since forming the consortium in 1985, we have been joined by six companies. During that time we have developed three software systems: ANALYZE, MODLER, and RANDMOD. We have distributed more than 35 documents, some describing the software; about half have been published in refereed proceedings or journals. We continue to build connections with researchers in the US and in Europe at a great rate. We have completed the first phase of the project, and we are ahead of schedule with Phase 2, which is focused on integrating prior results (ours and others). With additional sponsors, we shall be able to accelerate our progress. This is not only because more funds bring in more students and faculty, but also because added participation brings in a more diverse set of industries.
Technically, the project is very much in the interfaces of management science/operations research, computer science, and the cognitive sciences. This is the basis of our profession: a multidisciplinary approach to solving problems support decision making, with a Gestalt property: the whole is greater than the sum of its parts. 
